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Abstract 
Hand-Osteoarthritis (H-OA) leads to pain, loss of grip strength, and decreased hand function. 
Current treatment for H-OA involves joint protection programs (JPP) which seek to reduce 
joint loading during activity. The use of wearable technology to measure hand forces during 
activity has the potential to determine the effectiveness of JPP. The objective of this thesis 
was to develop and validate a method of directly measuring finger forces during the 
performance of activities of daily living, and then use that system to measure the envelope of 
hand forces during activity in healthy individuals and in patients with H-OA.  A 
commercially-available capacitive sensor system was validated for use in this application and 
found an envelope of applied forces consistent with previous literature. Using the 
measurement system and protocols presented in this thesis, the effectiveness of JPP at 
reducing hand forces can, for the first time, be objectively quantified.  
Keywords 
Hand Osteoarthritis (H-OA); Joint Protection Programs (JPP); Activities of Daily Living 
(ADL); Hand Function; Hand Forces; Wearable Technology; Force Sensors 
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Summary for Lay Audience 
Joint protection programs (JPP) help patients with hand arthritis reduce the forces in their 
hands to reduce pain and improve function. These programs focus on training people to use 
alternate movements, devices, and strategies that can reduce forces on their hands in daily 
tasks. While these programs have been designed using basic principles, we know very little 
about the actual forces applied by the hands during home and work tasks. Without this 
knowledge, we do not know how to best reduce joint loads and minimize pain. This thesis 
explores the use of small sensors which slide over the fingers to measure these finger forces 
during the performance of activities. Both healthy people and those with hand arthritis were 
recruited to participate in this study and the range of forces applied by the fingers during 
several activities was measured with these sensors. This represents the first step in evaluating 
current joint protection programs to determine if they result in lower forces applied by the 
fingers. 
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Chapter 1  
1 Introduction 
This chapter reviews the relevant anatomy of the hand which allows for the generation for 
force required to interact with the world around us, and how impairment to the hand in the 
form of injury or disease impede our ability to perform functional tasks. This chapter also 
examines the deficiencies of current biomechanical models and methods of measuring finger 
forces. The chapter concludes with the rationale and objectives of this research as well as 
an overview of the following chapters. 
1.1 The Hand 
The human hand is our primary tool used for mechanical interactions with the environment 
around us [1]. Previous studies have estimated that during a typical eight hour work day (for 
a housemaid and a machinist), an average worker  performs between 4000 and 5000 grip 
changes [2]. Our hands are complex end effectors made up of many bones, muscles, 
tendons, and ligaments allowing for over 20 degrees of freedom which enable us to perform 
very precise movements and also exert high forces [3].  As a result of the kinematic 
structure of the upper extremity, our hands and fingers have a high degree of dexterity and 
are capable of performing a variety of fine motor movements which allow us to perform 
activities of daily living (ADL) [4], [5].  
1.1.1 Anatomy and Range of Motion 
The hand and wrist consist of 27 bones – 8 carpal bones, 5 metacarpal bones, and 14 
phalanges. The joints of the hand involved in hand movement, beginning with the joints at 
the connection between the metacarpals and distal row of carpal bones and moving distally 
to the tips of the phalanges, will be described below. All the major joints and bones of the 
hand involved in articulation of the fingers are labeled in Figure 1.1.  
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Figure 1.1  Bones and Joints of the Hand. 
1.1.1.1 Carpometacarpal Joints (CMC) 
The CMC joints are located where the distal row of carpals connect to the four fingers and 
the thumb by the metacarpals. In the four fingers, the CMC joint is a gliding joint which 
allows for very little motion in flexion and extension [6]. However, in the thumb the CMC is 
a saddle joint between the trapezium and the first metacarpal which allows for most of the 
thumb’s articulation [6]. The thumb CMC allows for 10 to 15° of rotation, 40 to 80° of 
abduction and adduction, as well as 50 to 80° of flexion and extension [6]. The large range 
of motion allowed by the thumb CMC in humans greatly increases the function of the hand.  
1.1.1.2 Metacarpophalangeal Joints (MCP) 
The next joint, moving distally down the hand, is the union of the metacarpals and proximal 
phalanges at the MCP joints. In the four fingers, the MCP joint is a condyloid joint allowing 
for motion in both flexion-extension as well as abduction-adduction. Finger flexion is 
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between 70 and 90° and is least in the index finger and greatest in the little (small) finger 
[7]. Finger extension at the MCP is roughly 25° and is limited by the position of the wrist 
[6]. In adduction and abduction, the fingers are able to move approximately 20° [8]. As with 
the CMC, the function of this joint differs between the thumb and the four fingers. In the 
thumb the MCP is a hinge joint which only allows motion in one plane, flexion and 
extension. In flexion the thumb can move between 30 and 90°, and in extension, 15° [8].  
1.1.1.3 Interphalangeal Joints (IP) 
The most distal joints in the hand are the interphalangeal (IP) joints which connect the 
phalanges in the fingers and thumb: 3 phalanges in the four fingers (proximal, middle, and 
distal) and only 2 in the thumb (proximal and distal). Each of the four fingers, then, has two 
IP joints: the proximal interphalangeal (PIP) and distal interphalangeal (DIP) joints; 
whereas, the thumb only has one IP joint. The IP joints are hinge joints allowing for motion 
in one plane only, flexion and extension [6]. The range of motion allowed by these joints is 
110° at the PIP joints and 90° at the DIP of the four fingers and IP of the thumb [6].  
1.1.2 Musculature / Force Generation 
The force generated by the hand would not be possible without the complex musculature 
acting at the hand and wrist and collateral ligaments that restrict motion to certain 
directions. Most of the muscles acting in the wrist and finger joints are extrinsic muscles 
which originate outside of the hand near the elbow and enter the hand as tendons, some of 
which are quite long and terminate on the tip of the distal phalanges [6]. Other, intrinsic, 
muscles originate in the hand to initiate motion of the MCP and IP joints [6]. The major 
muscles, tendons, and ligaments involved in hand motion are labeled in Figures 1.2 and 1.3.  
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Figure 1.2. Major muscles, tendons, and ligaments involved in finger flexion and 
extension. 
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Figure 1.3. Collateral ligaments in the MCP, PIP, and DIP joints which allow for 
motion in extension (top) and flexion (bottom) of the fingers. 
Flexion of the fingers at the IP joints is primarily controlled by the flexor digitorum 
profundus and the flexor digitorum superficialis [9]. These are extrinsic muscles that 
originate in the forearm and enter the hand as flexor tendons. Flexion at the MCP joints is 
produced by two intrinsic sets of muscles, the lumbricales and the interossei [6]. For 
extension of the fingers, the primary muscle is the extensor digitorum which originates in 
the forearm and enters the hand as four tendon slips which branch off at the MCP [9]. The 
lumbricales and interossei also play a role in the extension of the PIP and DIP joints [6]. 
When gripping objects, the extrinsic muscles are the primary movers when the grip requires 
maximum output, whereas the intrinsic muscles are primarily for more precise gripping such 
as pinching [6].  
1.1.3 Hand Function / Grip 
Normal hand function is essential to be able to interact with the world around us. We use 
our hands to perform nearly every activity from dressing and grooming to vocational and 
recreational activities [10]. In an average workday alone, it has been reported that we 
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perform between 4000 and 5000 grip changes [2].  However, the most common activities 
are classed as activities of daily living (ADLs), and represent the routine tasks people 
perform daily to participate in daily life [10]. These activities are often the focus of clinical 
evaluation of normal hand function [2]. Common methods of determining normal hand 
function involve the assessment an individual’s grip strength and dexterity, the ability to 
manipulate the hands to perform tasks. Dexterity is commonly assessed clinically by 
observing the time it takes for individuals to manipulate various sized objects with the hands  
[11], [12].  
 Grip strength is determined, primarily, by the flexion strength at the MCP and IP joints in 
the fingers [6], [13]. Grip is generally classed into one of two categories: power grip and 
precision grip [14]. For power grip, there is more flexion of the fingers and for maximum 
output there is flexion at all three finger joints, MCP, PIP, and DIP [6], [13]. In this grip, the 
thumb remains in the plane of the hand and typically either wraps around the object or the 
fully flexed fingers [6]. For precision grip, there is typically limited flexion at the PIP and 
DIP joints ant only one or two fingers is involved [6]. In this grip the thumb is typically 
perpendicular to the hand. Examples of power and precision grip are shown in Figure 1.4.  
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1.2 Hand Osteoarthritis 
Hand-osteoarthritis (H-OA) is one of the leading causes of decreased hand function in adults 
and is the most common disease of the hand affecting over 20% of the population [5], [15]. 
Osteoarthritis is generally described as the degradation of articular cartilage resulting from 
genetic factors, wear and tear of the joint, or a post-traumatic response to injury [16]. H-OA 
is defined as osteoarthritis which affects the CMC, PIP and DIP joints of the hand and is 
most prevalent in the older population and in women [17].  Pain and stiffness of the joints 
are among the most common symptoms of H-OA [18].   
1.2.1 Effect on Hand Function 
Impairment to the fingers as a result of trauma, autoimmune diseases, and degenerative 
diseases greatly impede our ability to perform functional tasks [5]. In addition to a reduction 
in dexterity of the fingers, these impairments often result in pain whenever force is applied 
to the hands. Because of decreased grip strength or pain when loading the joint, a major 
Figure 1.4 – Common Precision and Power Grips 
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issue that is associated with H-OA is the decrease in hand function. Individuals with 
osteoarthritis are often unable to complete activities of daily living or must make 
modifications to the way they perform these activities to compensate for their pain and 
decreased function [15]. Both grip strength and range of motion are significantly impaired in 
individuals with H-OA [19].  
Joint protection programs (JPP) are self-management strategies to help patients with hand 
OA preserve function and joint alignment. The primary principles involved in Joint 
Protection are the reduction of joint forces, reduction in joint deformity, and providing 
planning and pacing of activities.  Originally shown to be effective for rheumatoid arthritis, 
this concept has been expanded to treat patients with Osteoarthritis. Joint protection 
programs involve training ‘saver’ movement patterns, the use of adaptive devices (i.e. built 
up handles, hands-free technologies) and behavior modifications (i.e. avoid type gripping). 
Current JPPs however are outdated (‘use a pencil to dial a rotary phone’), have insufficient 
evidence to define best practice, are not definitively described and have widespread 
compliance issues [20]. 
1.3 Biomechanical Models of the Hand 
Mechanical loading is believed to play a role in the development and progression of 
osteoarthritis[21]. Biomechanical models of the hand can be used in finite element analysis 
modeling to perform stress/strain analysis or in multibody segment simulation which 
enables inverse dynamic modeling and force dependent kinematic measurement to provide 
insight into normal and pathological biomechanics. Current models of the hand, however, 
are difficult due to the complex anatomy of the hand, and are lacking in their ability to 
accurately model mechanical interactions [22]. Many of these models rely on theoretical 
values of applied loads [23]–[27], and some rely on simple dynamometer measures of grip 
and pinch strength which do not accurately represent real world interactions [3]. These 
models of the hand would be greatly improved by the direct measurement of forces applied 
to the hand during function. 
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1.4 Current Methods of Hand Force Measurement 
Many measurement systems used to measure hand forces are do not directly measure these 
forces during activity. Current methods for determining forces in the hands typically involve 
either a dynamometer or some variation of a force glove [1, 4–6].  
1.4.1 Dynamometry 
The most commonly reported measures of hand forces are dynamometer-based 
measurements of grip strength or pinch strength [14]. These measures provide little insight 
into the forces required to complete various activities and are used clinically to determine 
maximum grip or pinch strength [28], [30]. While dynamometers provide a highly 
repeatable and accurate measure of hand force [4-5], they are unable to measure forces 
during a functional task [5]. 
1.4.2 Sensorized Objects 
To solve the issues presented by dynamometry and force glove-based measuring systems, 
some researchers have embedded force transducers into devices that represent some 
common tasks [23], [24], [31]. Much work has been done to measure finger forces during 
specific activities by using instrumented objects (strain gauge/load cell) to measure applied 
loads exerted on objects while performing the functional tasks  [23], [32], [33]. While this 
method allows for non-invasive and unobtrusive measurement of individual finger loads and 
can crudely simulate a small number of ADLs, it does not accurately represent real world 
activity, it is costly, and is limited in the types and number of functional tasks which can be 
examined/performed and cannot be used to measure forces during the actual performance of 
daily activities. 
1.4.3 Force Gloves / Sensors Attached to the Hand 
Alternatively, individual finger forces can be measured using force transducers that are 
attached to the fingers. This, however, often creates the issue of altering the contact between 
the volar surface of the hand and the surface being grasped and is not representative of the 
natural grip.  Some sensorized glove constructs can measure forces in different finger 
segments and can be used during tasks of daily living [28], [29], [34]. However, sensor 
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gloves typically occlude the surface of the volar dermis and do not allow for natural tactile 
feedback during activities [28], [29], [34].  Many of these constructs consist of flexible 
sensors which are sewn onto a leather or latex glove and significantly decrease the ability of 
the wearer to manipulate their fingers during activity.  
1.4.4 Strain Gauge and Capacitive Sensors 
Two of the most common transducers used to measure force in both sensorized objects and 
force gloves are strain gauges and capacitive sensors, each of which are capable of being 
calibrated with a load cell to measure forces [35]–[37]. Strain gauge transducers consist of 
patterned metal foil with flexible backing which attach to an object to measure deformation 
of the object [36]. As strain gauges are deformed, the metal coil’s electrical resistance 
changes and this change in resistance is used to measure the amount of strain experienced 
by the object [28], [35], [36]. The biggest challenges with strain gauge sensors are their 
susceptibility to noise in the recording channel as well as being sensitive to fluctuations in 
temperature [36], [37]. Capacitive sensors, on the other hand, consist of two electrodes 
separated by a compressible dielectric matrix [38], [39]. As the sensors is compressed, the 
gap between the electrodes decreases and the capacitance changes [39]. Capacitive sensors 
are much less susceptible to noise and are not affected as much by temperature, however 
they are prone to failure in when shear forces are applied.  
1.5 Thesis Rationale 
Osteoarthritis (OA) is the most common disease of the joint and most frequently affects the 
IP and CMC joints of the hand [40]. Hand Osteoarthritis (H-OA) affects between 30 to 50% 
of the population  over 45 years old [15], [18], [19], [41]–[43]. Unfortunately, H-OA has 
significant consequences including pain, loss of grip strength and limitations in hand 
function and participation. Joint protection programs are suggested for individuals with H-
OA to reduce load and effort during activities of daily living [20]. A reduction in the load 
and effort experienced by fingers, would in theory, reduce the strain on the joint structures 
which have been weakened by the disease and reduce pain and irritation and fatigue. Joint 
protection programs however lack evidence to support their use (few high-quality studies 
evaluating their effectiveness and are variable in description) and have low patient 
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compliance as patients try to retrain their automatic movement patterns in daily activities to 
protect their joints and preserve hand function [20].   
Technology has the potential to enact key JP principles of practice in context, repetitive 
training and immediate feedback. The overall objective of this thesis was to employ a 
wearable technology to collect information on hand forces on individuals with and without 
arthritis during activities of daily living involving the hand. In order to objectively quantify 
the reduction in hand forces that various JP principles attempt to achieve, a comprehensive 
examination of normal hand forces experienced during ADLs must first be examined. Using 
the wearable technology, it is then possible to examine the effect of H-OA on hand forces in 
individuals while performing hand related ADL’s.  
1.6 Objectives and Hypotheses 
Objectives 
1. Develop and validate method of measuring hand forces during activities of daily 
living.  
2. Determine the envelope of applied forces by individual fingers during the 
performance of daily activities in healthy individuals  
3. Determine the envelope of applied forces by individual fingers during the 
performance of daily activities in individuals with hand arthritis. 
Hypotheses 
1. A commercially available finger force measurement system will be durable enough 
to be worn by individuals while performing a set of activities of daily living and can 
be used to determine the forces applied by the hands during activity. 
2. Based on previous literature which reported ranges of applied forces during activities 
of daily living using sensorized objects, the envelope of fingers forces is expected to 
be around 1 to 35 N [44]. 
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3. Since individuals with hand arthritis commonly have a decreased grip strength and 
range of motion, it is hypothesized that individuals with arthritis would have a 
decreased envelope of applied forces during activities of daily living.   
1.7 Thesis Overview 
Chapter 2 describes the use of commercially available capacitive sensors to measure finger 
forces during the performance of activities of daily living. Results from a clinical study 
which examined 25 healthy participants and 21 participants with hand arthritis who 
performed 19 activities of daily living while wearing these sensors are shown and the forces 
are compared between the two cohorts. The capacitive sensors were then validated using the 
gold standard for force measurement, a single degree of freedom loadcell to determine the 
efficacy of using these sensors in this configuration.  
Chapter 3 provides the conclusions of this work as well as future directions and applications 
of this research in the area of hand biomechanics.  
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Chapter 2  
2 Individual Finger Forces during Activities of Daily Living  
This chapter explores the use of a commercially available force transducer system to 
measure finger forces during activities of daily living. Since these sensors had not been 
validated for use in this application, this chapter begins by performing testing to determine 
the accuracy and validity of these sensors (Objective 1). This chapter includes a study which 
measured finger forces during ADLs in healthy participants (Objective 2) as well as those 
with hand arthritis (Objective 3).1 
2.1 Introduction 
Pressure Profile Systems has created tactile sensors “Finger Tactile Pressure Sensors” 
(FingerTPS) which consist of small capacitive sensors sewn onto a micro spandex material 
that slips over the finger allowing for much more natural motion of the hands than previous 
force glove constructs [11]. Previous studies measuring  hand forces at the finger joint using 
these sensors have examined a handful of specific tasks (such as handwriting, performing 
cardiopulmonary resuscitation, operating laparoscopic instruments during surgery, sport, 
and operating a drill) [38], [45]–[47]. While these measures are helpful in understanding 
forces during specific applications, an analysis of forces during a variety of common 
activities of daily living is needed. The objective of this research is to validate these sensors 
for the use in measuring hand forces during activities of daily living (Objective 1) and then 
to use these wearable force sensors to determine the envelope of applied forces during some 
common activities of daily living in healthy individuals (Objective 2) and those with 
osteoarthritis (Objective 3).  
                                                 
1
 A version of this chapter has been submitted for publication: Riddle, M, Robinson, S., MacDermid, 
J., Szekeres, M., Ferreira, L., Lalone, E. “Evaluation of Individual Finger Forces During Activities 
of Daily Living In Healthy Participants and those with Hand Arthritis.” Journal of Hand Therapy: 
Innovation Special Issue. Invited Submission: May 2019.   
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2.2 Methods 
2.2.1 TPS Sensors 
Finger Tactile Pressure Sensors (FingerTPS, Pressure Profile Systems, Los Angeles, CA, 
USA) were used to measure forces during activities of daily living. These sensors are made 
up of capacitive sensors which consist of two electrodes separated by a compressible 
dielectric matrix. As pressure is applied to the sensor, the distance between the electrodes 
decreases, and capacitance increases. These sensors were placed on the thumb and first three 
fingers (Figure 2.1). Each sensor was attached to a signal conditioning wrist module via a 
single wire and a 3.5mm connection. This wrist module was connected to a wireless 
Bluetooth transmitter (D710 electronics interface module, PPS, Los Angeles, CA, USA) 
clipped to the belt or pocket of the participant which allowed the participant to move about 
the room freely during testing (Figure 2.2). Capacitance data from each sensor was received 
on a computer running proprietary Chameleon analysis software via a Bluetooth transceiver.  
 
Figure 2.1 – Capacitive sensors are located at the fingertips (volar pad) of the thumb 
and first three fingers.  
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Figure 2.2 – Complete FingerTPS setup with four sensors (one each on the thumb and 
first three fingers), wrist module, and Bluetooth transmitter.  
2.2.2 Calibration and Use 
Each TPS sensor was calibrated to allow for the conversion from capacitance to force, 
measured in Newtons, N. In order to calibrate each sensor to measure force, the participant 
was instructed to press each finger on a load cell (Figure 2.3) (PPS, Los Angeles, CA, 
USA), gradually increasing the force until they reached a force of around 20N. Proprietary 
Chameleon Testing software (PPS, Los Angeles, CA, USA) then created a calibration 
equation to convert capacitance values from the sensors to force in Newtons. This process 
was completed by each participant for each of the sensor at the beginning of testing.  
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Figure 2.3 – Calibration of FingerTPS sensors using provided load cell. 
2.2.3 TPS Sensor Validation 
As these capacitive sensors have not been validated for use in the measurement of hand 
forces during activities of daily living, a series of analyses were performed to gain a better 
understanding of their strengths and limitations in this application.  
2.2.3.1 Load Cell Comparison 
To determine the accuracy of the calibrated FingerTPS sensors, the force output from the 
TPS sensors was compared to the force output of a clinical finger press load cell (model 
PF002, NK Upper Extremity Assessment System, NK Biomechanical Corp., Minneapolis, 
MN) as well as a Mini45 force/torque transducer (model SI-580-20, ATI Industrial 
Automation, Apex, NC). 
2.2.3.1.1 Accuracy and Repeatability of Calibration 
A single healthy participant (Male, 24 years) applied a total of 141 forces in a randomized 
order (one of five target forces: Light tap [<0.5 N], Low [~5N], Medium [~10 N], High [~15 
N], Maximum [>15 N]) to a clinical finger press load cell (model PF002, NK Upper 
Extremity Assessment System, NK Biomechanical Corp., Minneapolis, MN) while wearing 
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the FingerTPS sensors. The Finger TPS sensors were calibrated initially then removed and 
recalibrated after the 50th and 100th press of the loadcell. This allowed for the analysis of 
accuracy of the calibration when compared to a gold standard measurement as well as the 
repeatability of the calibration procedure.  
The correlation coefficient between the two measurement systems was calculated for each 
of the three trials by creating a scatter plot with the loadcell output on the x-axis and the 
output from the FingerTPS sensors on the y-axis and a linear line was fitted to the data. A 
Bland-Altman plot was created for each trial to determine the agreement between the 
measurement systems. The average of the two measures was plotted on the x-axis and the 
difference between them by subtracting the FingerTPS output from the loadcell output on 
the y-axis.  The mean difference between the two measures, or the bias, was then plotted as 
a solid line. Finally, the limits of agreement were calculated as the mean +/- two standard 
deviations.  
2.2.3.1.2 Drift over Time of Calibration 
Further testing was conducted to determine if the calibration holds true over an extended 
period while wearing the sensors continuously. To measure this, two FingerTPS sensors 
(one on the index and middle fingers) were calibrated as usual and the participant applied a 
series of 15 forces in a randomized order (three presses each of five target loads: Light tap 
[<0.5 N], Low [~5N], Medium [~10 N], High [~15 N], Maximum [>15 N]), with each 
finger, to the load cell at three time points without recalibration. This was performed 
immediately after calibration, then again at 30 minutes and one hour. Between tests, the 
participant was free to use their hands. The difference between the FingerTPS sensors and 
the loadcell was calculated for each of the fifteen applied loads at each time point. The 
average difference between two was calculated at each time point and plotted along with a 
box-and-whisker plot to determine if there was an increase in variation with time. 
2.2.3.1.3 Effect of Shear Forces on Accuracy 
To determine the performance of FingerTPS sensors during shear forces, we measured  
shear forces applied by the finger in the X-axis (left and right) and Y-axis (forward and 
back) as well as the normal direction along the Z-axis. The same healthy participant 
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performed a series of finger presses in each direction oscillating between the positive and 
negative direction while wearing the FingerTPS sensors. This was repeated twice for each of 
the three directions with the thumb, index, and middle fingers. Figure 2.4 shows the force 
measurement system used to measure these forces. A Mini45 force/torque transducer (model 
SI-580-20, ATI Industrial Automation, Apex, NC) was used to measure the applied forces in 
the X, Y, and Z directions.  
 
Figure 2.4 Shear force measurement setup. 
2.2.3.2 Dexterity Test 
In addition to testing the accuracy of the sensors when measuring force, it was of interest to 
determine the extent to which wearing these sensors altered the wearer’s dexterity. Since 
these sensors slip over the finger and occlude the volar dermis, the natural tactile feedback 
of the hand is altered and the extent to which that alters the wearer’s dexterity was 
unknown. In order to assess the change in dexterity, sixty participants were recruited to 
complete the N.K. Dexterity board [11] with bare hands and while wearing the sensors. The 
dexterity board, shown in Figure 2.5, consists of small, medium, and large objects such as 
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blocks and spheres.  In each subtest the participant manipulates the large, medium, or small 
objects [11], [12], [48]. Since hand dexterity involves the combination of different hand 
movements to efficiently manipulate objects, time is used as a measure of dexterity [11]. 
The order in which these subtests were completed, as well as if they were completed first 
with bare hands or while wearing the sensors, were randomized for each participant. Each 
subtest was completed three times in succession and the average time was recorded. The 
average time for all sixty participants was calculated for each subtest and the time to 
complete with bare hands and while wearing the sensors were compared to determine the 
effect of the sensors on hand dexterity.   
 
Figure 2.5. The N.K. Dexterity Board was used to assess the dexterity of individuals 
with bare hands and while wearing the FingerTPS sensors.  
2.2.3.3 Data Acquisition and Analysis 
For the load cell comparison tests for accuracy, repeatability, and drift over time, time-
stamped force (N) data were recorded simultaneously from the single degree of freedom 
load cell and the FingerTPS sensors. For the shear force analysis, a six degree of freedom 
(6-DoF) loadcell was used to record time-stamped force (N) data. The FingerTPS sensor 
data were collected at 40 Hz using proprietary Chameleon Testing software (Pressure 
Profile Systems, Los Angeles, CA, USA), and the load cell data were collected at 1000 Hz 
using LabVIEW 2018 (National Instruments, Austin, TX, USA). The FingerTPS system 
filtered the signal internally and the ADC resolution is reported to be 16 bits. No ad-hoc 
filtering was performed for either measurement system. The time-stamped force data were 
exported from each program to .csv files and custom written MATLAB (MathWorks, 
20 
 
Natick, MA, USA) code was used to plot the force over time data for each trial and calculate 
the difference between both measurement systems as described for each analysis.   
2.2.4 Hand Force Measurement During ADL 
2.2.4.1 Study Protocol 
Twenty-five healthy control subjects (12 female: 22-65 years old, 13 male: 20-53 years old) 
were recruited for the study. Subjects were considered healthy if they reported having no 
pain, injury, or disease of the hand, such as arthritis. Additionally, 21 subjects with hand 
osteoarthritis (12 female: 52-79 years old, 9 male: 64-79 years old) were recruited for this 
study. These participants self-reported having been diagnosed with hand osteoarthritis. 
Participants were recruited from fliers posted on campus, at the Hand and Upper Limb 
Clinic, and in the local newspaper. Seventeen representative activities of daily living 
involving the hand were examined in this study (Table 2.1). These tasks were selected from 
some of the common tasks included in psychometric evaluations for individuals with 
hand/wrist pain including the Patient Rated Wrist and Hand Evaluation (PRWHE), 
Disability of the Arm Shoulder, and Hand questionnaire (DASH), and Joint Protection 
Behavior Assessment (JPBA) [49]–[51].  Tasks were selected from various aspects of daily 
life including kitchen tasks, cleaning tasks, dressing and grooming tasks. Further, these tasks 
were selected to include a combination of common power and precision grips to examine 
the effects of different grips on the forces exerted by the fingers. 
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Table 2.1. The tasks from this study were selected from those commonly found on 
three psychometric evaluations: Patient Rated Wrist and Hand Evaluation (PRWHE), 
Disabilities of the Arm, Shoulder, and Hand (DASH), and Joint Protection Behavior 
Assessment (JPBA). Other ubiquitous tasks were added to our evaluation to get a 
better picture of the envelope of forces. * indicates task which were listed generically 
on the evaluation (turning on a tap and turning a doorknob) but were further specified 
for this study (lever vs. standard).  
 Task PRWHE DASH JPBA 
1 Fill Mug   X 
2 Lift Mug to Mouth   X 
3 Carry Empty Fry Pan   X 
4 Cut Cucumber X X  
5 Open Water Bottle    
6 Lift 2L Bottle    
7 Open Jar  X X 
8 Standard Tap   X 
9 Lever Tap   X* 
10 Open Pill Bottle    
11 Push Plug Into Wall   X 
12 Spray Bottle    
13 Cut With Scissors    
14 Write a Sentence  X  
15 Standard Doorknob X   
16 Lever Doorknob X*   
17 Unlock Door with Key  X  
18 Button Shirt X   
19 Undo and Do Up a 
Snap 
   
2.2.4.2 Data Acquisition and Analysis 
Each subject performed each activity two times in the manner they would usually complete 
the activity. Including the set-up, and calibration, and performance of the activities, the total 
session duration was less than an hour and a half, with each task lasting only a few seconds. 
Time-stamped force (N) data were sampled at a frequency of 40 Hz. These data were 
recorded using proprietary Chameleon Testing software (Pressure Profile Systems, Los 
Angeles, CA, USA). These time-stamped force data were exported to a .csv file and custom 
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written code (MATLAB, MathWorks, Natick, MA) was used to plot the force data over 
time and extract the peak forces for each finger during each trial.  
2.3 Results 
2.3.1 FingerTPS Sensor Validation 
2.3.1.1 Load Cell Comparison 
2.3.1.1.1 Accuracy and Repeatability of Calibration 
A scatter plot with the R2 values and Bland-Altman plot comparing the loadcell and 
FingerTPS sensors output for each of the three trials are included in Figure 2.6. There was a 
strong correlation between the two measurement systems in all three trials with R2 > 0.9.  
The agreement between the two systems was consistent for all three trials as well. The bias, 
or mean difference between the two measurement systems was 0.26 N, -0.39 N, and 0.51 N 
for each of the three trials, and the limits of agreement were [-2.80, 3.33 N], [-3.52, 2.73 N], 
and [-3.56, 4.58 N]. For each trial, 93%, 96%, and 93% of the data points fall within the 
limits of agreement. In all three trials, the agreement between the two measurement systems 
appears to decrease with the magnitude of the measurement.  
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Figure 2.6 Scatterplot and Bland-Altman plots comparing the measurement of force 
from the FingerTPS sensors and Loadcell. A linear fit was used to calculate the 
correlation between the two measurement systems. For the Bland-Altman plots, the 
solid line represents the average difference, or bias, and the dashed lines indicate the 
limits of agreement. A) Trial 1, N=50; B) Trial 2, N=50; C) Trial 3, N=41. 
To examine the distribution of the difference between the FingerTPS sensors and the load 
cell for all 141 forces, a frequency plot of these differences was created and can be found in 
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Figure 2.7 below. The average absolute difference between the FingerTPS sensors and the 
load cell was 0.81 ± 0.83 N [0 – 1.64 N]. 
 
Figure 2.7. Frequency Plot showing the distribution of variation in recorded force 
value between FingerTPS and load cell. (n=141). 
2.3.1.1.2 Drift over Time 
The force output from the loadcell and FingerTPS sensors for each of the 15 presses was 
recorded and the difference was calculated for each press. The average difference between 
the two measurement systems with a boxplot indicating the distribution of the differences is 
included below in Figure 2.8.   
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Figure 2.8. Boxplots indicating the spread of the differences at three time points to 
examine drift over time. The whiskers represent the maximum and minimum values. X 
indicates the mean difference between the two measurement systems at each time 
point.  
2.3.1.1.3 Effect of Shear Forces 
Measurement from all three directions of the loadcell and the measurement of the 
FingerTPS sensors for shear in the x-direction and y-direction for two trials are plotted 
below in Figures 2.9 and 2.10. When shear forces are applied, the output of the FingerTPS 
sensors reflects elements of both the normal and shear forces and is larger than that 
measured by the loadcell. This suggest that these sensors are not capable of accurately 
measuring the applied forces when shear forces are present and will provide results which 
are larger than the applied normal force. Additionally, as seen in Figure 2.9, the signal from 
the FingerTPS sensors does not always return to zero when unloaded, which indicates that 
the shear forces may temporarily alter the calibration of the sensors. 
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Figure 2.9 Example force over time for the loadcell in the X, Y, and Z directions and 
the FingerTPS sensors when lateral (x-direction) shear is applied by the index finger.  
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Figure 2.10 Force over time for the loadcell in the X, Y, and Z directions and the 
FingerTPS sensors when longitudinal (y-direction) shear is applied by the index finger. 
2.3.1.2 Dexterity 
In each subtest of the dexterity board, the time that it took to complete the test was 
significantly greater while wearing the sensors than with bare hands. This difference in time 
was the greatest in the small subtest, indicating that these sensors impede dexterity more for 
fine motor tasks. For the large subtest of the dexterity board, the time increased by 1.8 
seconds, for the medium subtest 8.2 seconds, and for small 27.6 seconds. This increase in 
time was statistically significant for each of the three subtests. Figure 2.11 shows the 
average times along with standard deviation for each of the subtests of the dexterity board.  
For the large subtest of the dexterity board, the time increased 1.8 seconds (13%); for 
medium 8.2 seconds (31%), and for small 27.6 seconds (41%). Figure 3.7 shows the average 
times along with standard deviation for the dexterity board.   
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Figure 2.11. Average time and standard deviation to complete the dexterity board with 
bare hands and while wearing the TPS sensors. n=60 participants. † indicates a 
significant difference from a paired t-test.  
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2.3.2 Forces during Daily Tasks 
Maximum force during the performance of each task for each sensor was reported to make 
comparisons in the force data collected. The average maximum force was then calculated 
for each task and plotted for each sensor location (Figures 2.12 – 2.13). Standard error bars 
were used to indicate how far the sample mean is expected to be from the true population 
mean. Tasks were divided into three groups based on the primary fingers used to generate 
the force.  
Tasks which primarily used the thumb and index finger in a precision grip included 
plugging in a toaster, opening a water bottle, opening a pill bottle, a snap button, turning a 
key in a door, buttoning a shirt and writing a sentence. These tasks are plotted together in 
Figure 2.12. The maximum force for these tasks ranged from 9.6 ± 1.0 N to 34.8 ± 1.6 N by 
the thumb during the shirt button task and the plug in task, respectively.  Further, the 
smallest peak force was 1.4 ± 0.6 N by the ring finger during the key turning task. For 
participants with osteoarthritis, the maximum force ranged from 7.9 ± 1.8 N by the thumb 
during the shirt button task and 30.7 ± 3.7 N by the thumb during the plug in task, while the 
smallest measured peak force was 2.9 ± 0.7 N by the ring finger during the writing sentence 
task.  
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Figure 2.12. Max force graphed for each finger in Newtons with standard error for 
tasks dominated by the thumb and index finger (precision grip). A. n=25 healthy 
participants. B. n=21 participants with osteoarthritis. 
Tasks which utilized a power grip, using all four fingers to apply the force, included pouring 
a kettle, lifting a mug to mouth, carrying a frying pan, cutting a cucumber, lifting a 2L 
bottle, cutting with scissors, and opening a jar. The average maximum force applied by each 
finger during these tasks are plotted in Figure 2.13. The average maximum force for these 
tasks in healthy participants ranged from 4.4 ±1.8 N to 19.7 ± 2.7 N by the ring finger 
during the scissors task and thumb during the cutting cucumber task, respectively. The 
lowest peak force for these tasks was 3.2 ± 0.7 N by the index finger during the scissors 
task. For participants with osteoarthritis, this range was 4.8 ± 1.4 N to 15.4 ± 3.2 N by the 
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index finger during the scissors task and the middle finger during the pouring kettle task, 
respectively. This lowest peak force for participants with osteoarthritis was 2.3 ± 1.0 N by 
the thumb during the scissors task. 
 
 
Figure 2.13. Max force graphed for each finger in Newtons with standard error for 
tasks that rely on all four fingers (thumb, index, middle, ring) to generate force (power 
grip). A. n=25 healthy participants. B. n=21 participants with osteoarthritis. 
Tasks which didn’t clearly fall into either the precision grip between the thumb and index 
finger or the power grip with all four fingers included the spray bottle and both the standard 
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and lever tap and doorknob. The average maximum forces for these tasks are plotted in 
Figure 2.14. The task with the largest magnitude of force for the healthy participants was the 
standard tap at 13.0 ± 2.5 N by the thumb.  However, for participants with osteoarthritis, the 
task with the largest peak force was the spray bottle which was 16.1 ± 2.7 N by the middle 
finger. 
 
 
Figure 2.14. Max force graphed for each finger in Newtons with standard error for 
tasks with some other combination of primary movers (power and precision grips). A. 
n=25 healthy participants. B. n=21 participants with osteoarthritis.  
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2.4 Discussion 
The FingerTPS sensors allowed for the measurement of individual finger forces during the 
activities examined. They were capable of isolating grips based on finger recruitment for 
various tasks and providing insight to the magnitude of forces in each finger during activity. 
The envelope of applied forces during these activities of daily living in healthy participants 
was between 1.4 ± 0.6  N  to 34.8 ± 1.6  N (in the ring finger when turning a key and the 
thumb when plugging a cord into an outlet, respectively). This envelope of forces varied 
slightly in participants with osteoarthritis. For this group of participants, the envelope of 
applied forces was 2.3 ± 1.0 N to 30.7 ± 3.7 N (in the thumb during the scissors task and the 
thumb during the plug in task, respectively).  This envelope, for both the healthy 
participants and those with osteoarthritis, is consistent with that measured by the 
Department of Veterans Affairs (VA) in a similar study which measured the forces required 
to complete 12 activities of daily living.  This study reported the envelope to be between 1.4 
N and 31.4 N (in a push button remote task and plug in task, respectively) [44].  
Compared to published normative pinch strength data for healthy adults, the envelope of 
applied forces during these activities falls well below the average maximum pinch strength.  
This indicates that participants are generally able to generate a much higher force than was 
required to complete activities of daily living. Werle et. al. published a study in 2009 which 
reported normative pinch and grip strength of 1023 healthy adults in 5-year age brackets 
[52].  In 299 healthy men between the ages of 20 and 64, the range of maximum pinch 
strength was 60.8 N – 134.4 N, with an average of 98.3 N. For the same measure in 304 
women in this age bracket, this range was 31.4 N – 122.6, with an average of 67.8 N. For 
men and women combined, the range of maximum pinch strength would be 31.4 N – 134.4 
N with an average of 82.9 N.  
There was a strong correlation between the FingerTPS sensors and the loadcell when normal 
forces are applied by the hand. This was consistent over three trials indicating the 
calibration technique is repeatable. When examining the agreement between the two 
measurements, an inverse relationship between the magnitude of the measurement and the 
agreement was noted. This suggests that the accuracy of the FingerTPS sensors depends on 
the magnitude of applied force. There were some outliers in the Bland-Altman plots noted in 
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each of these trials. More than three unexplained outliers per 100 measurements is the 
threshold which indicates a problem with a measurement system [53], [54]. In each of the 
three trials there were roughly twice this number of outliers, however they are likely the 
result of off-axis loading (i.e. shear). When all three trials are combined, the average 
difference in force measurement between the TPS sensors and the load cell was 0.81± 0.83 
N. This difference is within one standard error for most of the activities examined, 
suggesting that measuring these forces using the FingerTPS sensors is a valid technique. 
However, as noted, when off-axis loading occurs, the relationship between the FingerTPS 
sensors and a loadcell is not consistent. This suggest that these sensors are not suitable for 
measuring activities where shear forces are present. Dexterity was impeded in each subtest  
of the dexterity board, but was less impeded during the large and medium grip tasks when 
compared to the small grip tasks. However, all of the activities examined in this study would 
be classed as large or medium grip tasks.  
2.4.1 Limitations 
There were some limitations found while using the FingerTPS sensors. Since these sensors 
are propriety and can only be purchased from the manufacturer, they can only be used with 
their propriety Chameleon Testing Software (Pressure Profile Systems, CA). This greatly 
decreases the setup time required to use the system and makes the sensors inherently more 
user friendly, however doesn’t allow for external validation of the calibration equation 
generated when calibrating these sensors. However, from repeated testing with a load cell 
and calibrated sensors, it is possible to determine the accuracy of the calibration, so this is 
not a major limitation. Another limitation from the setup used for this study was that we 
were only able to measure forces at the fingertips, losing valuable information about the 
applied forces to various finger segments, namely the middle and proximal phalanges of 
each finger. The manufacturer does sell sensors for these finger segments and future work 
should include these sensors. Finally, a limitation of these capacitive sensors is their 
inability to accurately measure forces when shear forces are present. Though many of the 
activities performed are thought to be primarily normal forces, it is uncertain the extent to 
which shear forces may have altered the force measurements recorded. This is likely most 
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relevant in tasks such as opening a jar and standard doorknob where torsion is required to 
complete the activity.  
Further, there were limitations in the study design and sampling as well. While this study 
sought to select ubiquitous tasks that represent daily life, this study only examined 19 
activities of daily living which may not give an accurate representation of the true envelope 
of forces.  There was a large disparity in age between the two cohorts, with a generally 
young sample of healthy individuals and a much older sample of participants with arthritis, 
which is likely a compounding factor in the difference in force reported as grip strength 
tends to decrease with age. Additionally, we did not use a scale to grade and record the type, 
location, and severity of osteoarthritis present in the individuals with arthritis. As reported, 
there were 21 individuals with hand arthritis included in this analysis, however there were 
initially 35 recruited to participate. Fourteen of these individuals were unable to complete 
many of the ADLs due to pain and were therefore not included in the data analysis. As a 
result, the reported envelope of applied forces for individuals with hand arthritis does not 
include those with severe symptomatic OA. In the preliminary stages of this research, we 
made an effort to include a patient-consumer to determine if the selection of ADLs was 
appropriate for individuals with arthritis. However, this patient-consumer was high 
functioning as a result of their arthritis and in the future, there should be patient-consumers 
who represent the entire scale of functional ability.  
2.4.2 Future Work 
 Further measurements of forces applied by the fingertips would add to the accuracy of 
current biomechanical models of the hand and measuring the forces in other finger segments 
would shed valuable insight as well. For tasks which use a hook grasp or similar grasps, the 
majority of the applied force is exerted by the middle phalanges and only measuring the 
finger tips in such activities misses some valuable data.  
Unlike the lower extremity that has the standard gait cycle, there is not standard functional 
assessment that can be used to assess function. In this study, we propose a set of activities of 
daily living that are based on current patient reported outcomes and functional assessments 
and can be used to create a standard ‘functional assessment’ of the hand and upper limb. To 
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limit the effects of coaching on the exertion of force, participants in this study received no 
instruction on how to perform each activity. However, it is uncertain the degree to which 
different grips/methods of performing these activities alters the magnitude of force. A 
thorough analysis of these variations in grip and methods of performance should be 
conducted. Future work should examine forces applied by the hand during other 
applications such as recreation, sport, and vocational (work) tasks. Similarly, the 
relationship between reduced grip strength and the ability to perform activities of daily 
living as well as the applied forces in the hand during these activities should be examined. 
This study has shown that by using FingerTPS sensors to measure tactile forces, we are able 
evaluate individual finger forces during activities of daily living and gain valuable insight 
into both the magnitude of forces and the recruitment of fingers during activity.  
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Chapter 3  
3 General Discussion and Conclusion 
This chapter reviews the objectives and hypotheses presented in the thesis, discusses the 
implications, strengths and limitations of the research, and outlines future work that should 
follow in future studies.  
3.1 Summary 
Hand Osteoarthritis (H-OA) is the most common disease of the synovial joints of the hand 
and effects nearly half of the adult population over the age of 45 [15], [16], [18]. Currently, 
there is no known cure for osteoarthritis and treatments are limited [16], [17]. In order to 
assess the effects of H-OA on hand function and the effectiveness of JPP at reducing these 
forces, it is necessary to examine normal hand forces during activities of daily living (ADL). 
The overall objective of this thesis was to employ a wearable technology to assess hand 
forces in healthy individuals and those with arthritis during ADLs involving the hand. This 
thesis examines the use of two different wearable technologies to assess hand forces during 
ADLs and presents an envelope of applied forces for both healthy individuals and those with 
hand arthritis. 
This thesis examined the use of one of the commercially available measurement systems to 
measure these forces (Finger Tactile Pressure Sensors, FingerTPS, Pressure Profile Systems, 
CA). While these sensors consisted of transducers placed on the volar dermis of the hand 
which alters the natural grip of the hand, the material used in these sensors allowed for 
much more motion than others on the market. Further, they were marketed for measuring 
force during sport applications, so they were expected to be robust enough to measure 
forced during activities of daily living.  This study attempted to address all three objectives 
of this thesis. Since these sensors had not previously been used in this application, work was 
done to develop protocols to use these sensors to measure hand forces in a series of 
functional tasks. Subsequent to this, the validity of using these sensors to measure forces 
during ADL was examined by comparing the measurement to a gold standard (Objective 1). 
In this study, participants with and without hand arthritis were recruited and asked to 
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complete 19 ADLs while wearing these sensors to determine the envelope of applied forces 
experienced while performing these ADLs (Objectives 2 and 3). Ultimately these sensors 
were found to be suitable for this application (Objective 1) and were successfully used to 
measure the envelope of applied forces in both healthy participants and those with arthritis 
(Objectives 2 and 3, respectively). Further, as hypothesized (Hypothesis 2), the values 
measured for healthy participants were consistent with prior work and there was a 
measurable decrease in these forces for individuals with arthritis, though there were 
confounding factors described in Chapter 2, so Hypothesis 3 was partially supported.  
3.2 Significance 
Measurement of the magnitude of forces exerted by the fingers during activities of daily 
living and how these forces change for individuals with pathologies such as arthritis is 
valuable to our understanding of how the hands function and how hand function is affected 
by disease. This study serves as a precursor to a larger study looking at JPP and consists of 
an initial description of this technology and the development of the possible protocol to be 
used.  This work represents the first step in assessing the effectiveness of JPP at reducing 
forces for individuals with H-OA. Having examined the normal forces experience during 
ADLs, researchers can determine, objectively, if enacting key JP principles reduces hand 
forces. Additionally, the ability to directly measure these hand forces for individual fingers 
in a broad array of activities has the potential to greatly improve current biomechanical 
models of the hand which will, in turn, allow for a greater understanding of the internal joint 
loading experienced during activity. This hand force information is also vital to the 
development of upper limb prosthetics. A major limitation in the current design of hand 
prosthetics is a lack of information about the amount of force required to complete various 
tasks  [55], [56]. 
3.3 Limitations 
It is noted that there are limitations to the studies presented in this thesis. A major limitation 
to the study design in Chapter 2 is that there was a disparity in age between the healthy 
individuals and those with hand arthritis which was a major confounding factor that 
confounded direct comparisons between these two groups. Additionally, as a result of 
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convenience recruitment used to recruit participants for the study, the sample size for both 
groups were relatively small.  Further, many of the individuals with arthritis recruited to 
participate in the study were unable to complete all of the ADLs due to pain and therefore 
were not included in the data analysis. Another major limitation of this work is the fact that 
the severity of hand arthritis in the individual recruited was not factored into the analysis of 
hand forces.  
Several limitations of the technology used were discussed in Chapter 2. Namely, the 
material used in these sensors and placement of the sensor on the volar surface of the hand 
impede dexterity and alter the natural tactile feedback of the hand, and capacitive sensors 
inability to accurately measure off-axis loads which occur during shear.  
Despite these limitations, there were several strengths of this work as well. All three 
objectives of this thesis were addressed. The sensors described in Chapter 2 were found to 
be capable of measuring forces applied by the fingers in this application and were able to be 
used to successfully determine the envelope of applied forces during activity. The results 
were consistent with prior work, suggesting these measurements are reasonable. This work 
has also created repeatable protocols which can be used to expand the measurement of 
finger forces.  
3.4 Future Directions 
The results of this research have established a starting point for future studies. Firstly, in the 
short term, efforts should be directed toward increasing the sample size for both the healthy 
and arthritic participants, while age matching the healthy participants. This larger sample 
would allow for the examination of the effect of age, sex, and severity of arthritis on hand 
forces.  After evaluating finger forces during the performance of ADL in individuals with 
and without hand arthritis (Chapter 2), the next step will be to evaluate how these forces are 
altered when JPP are employed. While this thesis focused on the envelope of applied loads 
by the finger by examining the peak forces applied by each finger, future work should look 
at other aspects of the force measurement as well, such as the total force applied while 
completing activities as well as the time it takes to complete various ADL. 
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Another area that should be explored from the results of this study and continued collection 
of force data to follow is importing this force data into biomechanical models of the hand to 
examine internal loading of the joints during these activities. Combined with kinematic data 
collected in our lab during the performance of the same ADLs, a complete picture of joint 
loading could be acquired using current biomechanical hand models. These models would 
also help answer the question. It has been suggested that the aim of JPP in individuals with 
H-OA is to reduce joint loading on articular cartilage, strengthen muscle support, and 
improve the shock-absorbing capabilities of joints [20], [57], [58]. Since the aim of JPP is to 
reduce loading on articular cartilage, it would follow that the hand forces should be 
decreased when these principles are employed and biomechanical models would allow for 
insight into changes in joint loading.  
Another area of interest is using this wearable technology as a training tool for individuals 
with hand arthritis to help improve compliance of JP principles. One possible method of 
achieving this would be the implementation of a biofeedback system (a sound or a light) to 
alert the wearer when high forces are exerted. This would help to prevent patients from 
“pushing through” during the performance of an activity which can have detrimental effects 
to the joints of the hand.  
Finally, other measurement technologies should be pursued for this application which may 
perform better when shear forces are applied and do not limit the wearer’s dexterity as much 
as the FingerTPS sensors. One promising sensor was recently introduced by IBM which use 
strain gauge technology and accelerometers on the dorsal aspect of the fingers to measure 
forces and other biomechanical information during activity [59].  
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León, Margarita Vergara and P. J. R.-C. and A. M. Iserte, “Towards a Realistic and 
Self-Contained Biomechanical Model of the Hand,” Theor. Biomech., pp. 211–240, 
2011. 
[4] M. H. Schieber and M. Santello, “Neural Control of Movement Hand function : 
peripheral and central constraints on performance,” J. Appl. Physiol., vol. 96, pp. 
2293–2300, 2004. 
[5] W. Chen, C. Xiong, X. Huang, R. Sun, and Y. Xiong, “Kinematic analysis and 
dexterity evaluation of upper extremity in activities of daily living,” Gait Posture, 
vol. 32, no. 4, pp. 475–481, 2010. 
[6] J. Hamill and K. M. Knutzen, “Functional Anatomy of the Upper Extremity,” in 
Biomechanical Basis of Human Movement, Second Edition, Second., Baltimore, MD: 
Lippincott Williams & Wilkins, 2003, pp. 150–165. 
[7] G. L. Soderberg, Kinesiology: Application to Pathological Motion. Baltimore, MD: 
Williams & Wilkins, 1986. 
[8] C. T. Wadsworth, “The Hand and Wrist,” in Orthopedic and Sports Physical 
Therapy, J. A. Gould and G. J. Davies, Eds. St. Louis: Mosby, 1985, pp. 437–475. 
[9] J. R. Doyle and M. J. Botte, Surgical Anatomy of the Hand & Upper Extremity. 
Philadelphia: Lippincott Williams & Wilkins, 2003. 
42 
 
[10] E. Kertcher, “Activities of Daily Living,” in The SAGE Encyclopedia of Intellectual 
and Developmental Disorders, E. B. Braaten, Ed. Thousand Oaks: SAGE 
Publications, Inc., 2018, pp. 19–22. 
[11] P. Bobos, E. A. Lalone, R. Grewal, and J. C. MacDermid, “Do Impairments Predict 
Hand Dexterity After Distal Radius Fractures? A 6-Month Prospective Cohort 
Study,” Hand, vol. 13, no. 4, pp. 441–447, 2018. 
[12] T. R. Turgeon, J. C. MacDermid, and J. H. Roth, “Reliability of the NK dexterity 
board,” J. Hand Ther., vol. 12, no. 1, pp. 7–15, 1999. 
[13] M. Vergara, J. L. Sancho-Bru, V. Gracia-Ibáñez, and A. Pérez-González, “An 
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